Essential oil extracts from Ferula iliensis have been used traditionally in Kazakhstan for treatment of inflammation and other illnesses. Because little is known about the biologic activity of these essential oils that contributes to their therapeutic properties, we analyzed their chemical composition and evaluated their phagocyte immunomodulatory activity. The main components of the extracted essential oils were (E)-propenyl sec-butyl disulfide (15.7-39.4%) and (Z)-propenyl sec-butyl disulfide (23. 
Introduction
The innate immune system is essential for host defense and provides immediate defense against infection. Among the earliest cell types responding to invasion by potentially pathogenic organisms are innate immune cells known as phagocytes, such as neutrophils and monocyte/macrophages [1] . These cells perform a variety of complex microbicidal functions, including phagocytosis, chemotaxis, and biochemical destruction of targeted organisms [2] . Phagocytes also perform important roles in the resolution of inflammation, including the clearance of dead tissue and the promotion of wound healing [3] .
Several small molecules, including natural products, have been shown to exhibit immunomodulatory activity via regulation of phagocyte function [4, 5] . For example, we recently found that essential oils have phagocyte immunomodulatory activity and, depending on the source and composition of the essential oil, can activate or inhibit human neutrophil function [6, 7] . Essential oils are plant extracts that contain mixtures of terpenes and have a wide range of pharmacological activities [8] . For example, essential oils extracted from various Ferula species have been reported to exhibit antioxidant, antiinflammatory, anti-mutagenic, antimicrobial, and antifungal activities [9] [10] [11] [12] [13] [14] [15] . Although essential oils from various Ferula species have been shown to contain monoterpenes, sesquiterpenes, and polysulfides [14, [16] [17] [18] [19] [20] [21] [22] , the chemical composition of essential oils isolated from many native Ferula spp.
have not yet been evaluated. Likewise, even less is known about their pharmacological and biologic properties. Clearly, a better understanding of the active components in plant essential oils and their mechanisms of action is necessary for assessing the therapeutic potential of these natural products [23] .
Ferula iliensis Krasn. ex Korovin is a native plant of Kazakhstan. Once the plant reaches maturity, it produces numerous 5-10 cm round umbels (flower clusters) on branched stems with paleyellow petals. This plant has been used in traditional medicine because of its reported anti-inflammatory activity [24] . Although several unique secondary metabolites have been isolated from F. iliensis [25] , the chemical composition and biologic properties of FEOs have not yet been analyzed.
In the present study, we evaluated the composition and phagocyte immunomodulatory activity of essential oils obtained from various parts of F. iliensis (flowers, umbels+seeds, leaves, stems, and roots) at 2 vegetation stages (flowering and fruiting). We showed that FEOs have a high content of sulfur organic compounds and activate human neutrophils and mouse phagocytes, resulting in increased [Ca 2+ ] i and the production of ROS. Activation of human neutrophil [Ca 2+ ] i flux by FEOs was dosedependently inhibited by capsazepine, a TRPV1 channel antagonist, indicating TRPV1 channels mediated this response. Furthermore, the oil with the highest amount of (E/Z)-propenyl sec-butyl disulfides activated TRPV1 channels with subsequent desensitization. Additional molecular modeling suggested that the active component is likely to be (Z)-propenyl sec-butyl disulfide. Given the critical role played by phagocytes in innate immunity against pathogens, our data support the possibility that (E/Z)-propenyl sec-butyl disulfides could be an effective therapeutic modulator of innate immune responses.
MATERIALS AND METHODS

Plant material
F. iliensis was collected in 2015 during the flowering and fruiting stages from the Almaty region of Kazakhstan. Voucher specimens were deposited at the Institute of Plant Biology and Biotechnology (Almaty, Kazakhstan). Flowers, umbels+seeds, leaves, stems, and roots were air-dried for 7-10 d at room temperature away from direct sunlight before hydrodistillation.
Materials
DMSO, fMLF, capsaicin, Histopaque 1077, SOD from bovine erythrocytes, xanthine oxidase from bovine milk, EGTA, and manganese (II) chloride (MnCl 2 ) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Fluo-4 AM dye was from Thermo Fisher Scientific (Carlsbad, CA, USA), and Fura-2/AM was from TEFLabs (Austin, TX, USA). Cytochrome c from equine heart was purchased from Calbiochem (San Diego, CA, USA); 
Essential oil extraction
Essential oils were obtained by hydrodistillation of dried plant material in a Clevenger type apparatus [7] . We used conditions accepted by the European Pharmacopoeia (European Directorate for the Quality of Medicines, Council of Europe, Strasbourg, France, 2014) to avoid artifacts. Stock solutions of the essential oils were prepared in DMSO (10 mg/ml) for biologic evaluation and in n-hexane (10% w/v) for GC analysis.
GC-MS analysis
GC-MS analysis was performed on a 5975 GC-MSD system (Agilent Technologies, Santa Clara, CA, USA) [26] . An Innowax FSC column (60 m 3 0.25 mm, 0.25 mm film thickness; Agilent Technologies) was used, with He as the carrier gas (0.8 ml/min). The GC oven temperature was kept at 60°C for 10 min, increased to 220°C at a rate of 4°C/min, kept constant at 220°C for 10 min, and then increased to 240°C at a rate of 1°C/min. The split ratio was adjusted to 40:1, and the injector temperature was 250°C. MS spectra were monitored at 70 eV with a mass range of 35 to 450 m/z.
GC analysis was performed on a 6890N GC system (Agilent). To obtain the same elution order as with GC-MS, we performed simultaneous injection with the same column and appropriate operational conditions. The FID temperature was 300°C. The essential oil components were identified by coinjection with standards (whenever possible), which were purchased from commercial sources or isolated from natural sources. In addition, compound identities were confirmed by comparison of their mass spectra with those in the Wiley GC/MS Library (John Wiley & Sons, New York, NY, USA), MassFinder software 4.0 (Dr. Hochmuth Scientific Consulting, Hamburg, Germany), Adams Library, and NIST Library. A C 8 -C 40 n-alkane standard solution (Fluka, Buchs, Switzerland) was used to spike the samples for the determination of RRI. Relative percentage amounts of the separated compounds were calculated from FID chromatograms.
Cell culture
Cultured HEK293 cells were placed in a 6-well plate for 24 h and then transfected with human TRPV1 cDNA, by TransIT-2020 (Mirus Bio LLC, Madison, WI, USA), according to the manufacturer's protocol. After transfection, the cells were suspended in DMEM supplemented with 10% FBS at 37°C and used for [Ca 2+ ] i measurements.
Isolation of human neutrophils
For isolation of human neutrophils, blood was collected from healthy donors in accordance with a protocol approved by the Institutional Review Board at Montana State University. Neutrophils were purified from the blood using dextran sedimentation, followed by Histopaque 1077 gradient separation and hypotonic lysis of red blood cells [5] . Isolated neutrophils were washed twice and resuspended in HBSS. Neutrophil preparations were routinely .95% pure, as determined by light microscopy, and .98% viable, as determined by Trypan blue exclusion. Neutrophils were obtained from multiple donors (n = 8); however, the cells from different donors were never pooled during experiments.
Isolation of murine bone marrow leukocytes
All animal use was conducted in accordance with a protocol approved by the Institutional Animal Care and Use Committee at Montana State University. Bone marrow leukocytes were flushed from tibias and femurs of BALB/c mice with HBSS, filtered through a 70-mm nylon cell strainer (BD Biosciences, Franklin Lakes, NJ, USA) to remove cell clumps and bone particles, and resuspended in HBSS at 1 3 10 6 cells/ml. ] i flux responses were normalized to the maximum response in a given experiment, which was assigned a value of 100%. Efficacy was determined by comparing individual responses activated by essential oil samples to that induced by a positive control (5 nM fMLF), which was assigned a value of 100%. Curve fitting (at least 5 or 6 points) and calculation of EC 50 were performed by nonlinear regression analysis of the dose-response curves generated (Prism 7; GraphPad Software, Inc., San Diego, CA, USA).
Calcium mobilization assay
Transient Ca 2+ influx in HEK293 cells (transfected with TRPV1 and nontransfected cells) was evaluated [28] . HEK293 cells were incubated in growth medium containing Fura-2 (2 mM) for 30 min at 37°C and 5% CO 2 .
Coverslips containing the Fura-2-loaded HEK293 cells were mounted on the stage of an IX-81 inverted fluorescence microscope (Olympus America, Lake Success, NY, USA), and the cells were perfused continuously with serum-free medium at a flow rate of 2 ml/min. Cells were exposed to essential oils under investigation by switching from control medium to essential oil-containing medium for 10 s followed by a 1 or 5 min wash with control buffer before addition of the next dose of essential oil. Ca 2+ influx measurements and data acquisition were simultaneously performed on multiple individual cells using a fluorescence imaging system (Easy Ratio Pro; Horiba Scientific, Edison, NJ, USA) equipped with a multiwavelength spectrofluorometer (DeltaRAM X; Photon Technology International Inc., Lawrence Township, NJ, USA) and a QuantEM 512SC electron multiplying charge-coupled device camera (Photometrics, Tucson, AZ, USA). Representative traces were acquired with an alternating excitation wavelength protocol (340, 380 nm/ 20 Hz) and emission wavelength of 510 nm.
Analysis of ROS production
ROS production was determined by monitoring L-012-enhanced chemiluminescence, which represents a sensitive and reliable method of detecting superoxide anion (O 2 2. ) production [29] . Mouse bone marrow leukocytes or human neutrophils were resuspended at 10 6 cells/ml in HBSS containing Ca 2+ and Mg 2+ (HBSS + ) and supplemented with 40 mM L-012. Cells (100 ml) were placed in aliquots into wells of 96-well flat-bottomed white microtiter plates containing test essential oil (final DMSO concentration of 1%). Luminescence was monitored for 30 min (2 min intervals) at 37°C with a Fluroscan Ascent FL microtiter plate reader (Thermo Electron, Waltham, MA, USA). The curve of light intensity (in relative luminescence units) was plotted against time, and the area under the curve was calculated as total integrated chemiluminescence (CL). L-012-enhanced chemiluminescence was calibrated to quantify absolute O 2 2. levels with a xanthine/xanthine oxidase system, to generate known amounts of O 2 2. , as measured by the reduction of ferricytochrome c [30, 31] . To calculate EC 50 , individual O 2 2. responses were normalized to the maximum response in a given experiment, which was assigned a value of 100%. Curve fitting (at least 5 or 6 points) and calculation of EC 50 were performed by nonlinear regression analysis of the dose-response curves (Prism 7; GraphPad Software, Inc., San Diego, CA, USA).
Molecular modeling
We used a ligand-based approach for molecular modeling employing fieldpoint methodology [32] . The structures of capsaicin, N-geranyl cyclopropylcarboxamide, and (Z)-N-(2,7-dimethylocta-2,6-dienyl)-2-phenylacetamide (compound 2k) [33, 34] were imported for constructing a TRPV1 channel ligand-binding-site template, as described elsewhere [6] . Using the built-in capabilities of FieldTemplater software (Cresset Biomolecular Discovery Ltd., Hertfordshire, UK), we generated representative sets of conformations for the compound corresponding to local energy minima calculated within the extended electron distribution force field [32] . For the generation of field point patterns, probe atoms having positive, negative, and zero charge were placed in the vicinity of a given conformation, and the energy of their interaction with the molecular field was calculated with the extended electron distribution parameter set. Positions of energy extrema for positive probes represent "negative" field points, and energy extrema for negative and neutral probe atoms correspond to "positive" and steric field points, respectively. Hydrophobic field points were also generated with neutral probes capable of penetrating into the molecular core and reaching extrema in the centers of hydrophobic regions. A detailed description of the field point calculation procedure has been published elsewhere [32] . The structures of 4 isomers of propenyl sec-butyl disulfides were imported into the FieldAlign program (FieldAlign Version 2.0.1; Cresset Biomolecular Discovery Ltd.) in Tripos MOL2 format. Conformational search and field point calculation were performed, as described above for template building. Conformations with the best fit to the geometry and field points of the TRPV1 channel template were identified, and their superimpositions were refined by the simplex optimization algorithm and visualized using instruments incorporated in FieldAlign.
Statistical analysis
One way ANOVA was performed on the data sets, followed by Fisher's uncorrected least-significant difference test for multiple comparisons. Pairwise comparisons with differences at P , 0.05 were considered to be statistically significant.
RESULTS
Essential oil composition
The chemical composition of essential oils can be affected by many factors, including harvesting time and which part of the plant is used for essential oil isolation [35] . ) different constituents, with sulfur-containing compounds being predominant. Specifically, (E)-propenyl sec-butyl disulfide (range, 15.7-39.4%) and (Z)-propenyl sec-butyl disulfide (range, 23.4-45.0%) were found to be the predominant essential oil constituents from all parts of the plant (structures of these compounds are shown in Fig. 1) . Note, however, that the ratio of R/S enantiomers (based on the chiral center at the butyl group carbon) comprising the (E/Z)-propenyl sec-butyl disulfides was not defined. Nevertheless, essential oil extracted from flowers had the highest levels of (E)-propenyl sec-disulfide, whereas essential oils obtained from umbels with seeds and from leaves harvested during full flowering were highest in (Z)-propenyl sec-butyl disulfide. Other sulfur-containing compounds present in minor percentages included 3,4-dimethylthiophene, methyl cis-propenyl disulfide, methyl sec-butyl disulfide, 2,3,4-trimethylthiophene, 2,3,4,5-tetramethyl thiophene, dimethyl trisulfide, n-propyl sec-butyl disulfide, and 1-methylthiopropyl propyl disulfide. Thus, sulfur-containing compounds represented Effect of Ferula essential oils on neutrophil ROS production ROS production was analyzed in purified human neutrophils, as well as mouse bone marrow phagocytes. Note that ROS generation in mouse bone marrow preparations is primarily from neutrophils and macrophages [37] . Similar to the effect on Ca 2+ mobilization, we found that the FEOs activated SOD-inhibitable O 2 2. production in human neutrophils and mouse bone marrow phagocytes ( Table 2) . O 2 2. production exhibited unimodal kinetics, which is similar to that observed for other phagocyteactivating agents [5] , and representative kinetic curves for O 2
2.
induced by FEO Fr and FEO Rfr are shown in Fig. 3A . This response was inhibited by SOD (e.g., Fig. 3A Fig. 3B and C, respectively.
Effect of FEO Fr on TRPV1 channel activity
Various essential oil constituents have been reported to be agonists or antagonists of temperature-sensitive TRP channels, including TRPA1, TRPV1/3, and TRPM8 [6, 38] , and it is also known than several TRP channels, including TRPV1, are expressed on neutrophils [39, 40] . Indeed, we found that capsaicin, a TRPV1 channel agonist, directly activated neutrophil Ca 2+ flux [6] . To confirm the role of TRPV1 in cellular activation by FEOs, we evaluated the effects of FEO Fr in HEK293 cells transfected with TRPV1 channels. Consistent with our conclusions, FEO Fr dose dependently induced a transient increase in [Ca 2+ ] i in TRPV1 channel-transfected HEK293 cells (Fig. 5A) . We also performed the reverse dose-response experiment, starting with the high dose of FEO Fr (100 mg/ml), and observed a decrease in the amplitude of the Ca 2+ transients with decreasing concentrations of the oil (Supplemental Fig. S1 ). Note, however, that the essential oil compounds are lipophilic and likely remain in the membranes after washes, thereby affecting the dose-response behavior (regardless of whether the dose goes from high to low or low to high), resulting in a hysteresis effect. FEO Fr did not induce a response in nontransfected HEK293 cells at all concentrations tested (Fig. 5B) , demonstrating the specific requirement of TRPV1 channels for this response. Furthermore, repetitive application of 10 mg/ml FEO Fr desensitized TRPV1 channels, and no response to the specific TRPV1 channel agonist capsaicin was observed after desensitization (Fig. 5C ). Thus, these data confirm that FEOs stimulate TRPV1 channels, resulting in neutrophil activation.
DISCUSSION
Plant-derived organosulfur compounds exhibit a broad spectrum of pharmacological properties, including immunomodulation [41] . For example, organosulfur compounds contribute to the medicinal properties of garlic [42] . Ferula spp. and essential oils derived from these species are another important source of unique organosulfur compounds [14, 16, [43] [44] [45] . In the present study, we defined the chemical profile of essential oils extracted from different parts of F. iliensis and evaluated the effect of these oils on phagocyte functions in vitro. A total of 66 constituents were identified in the FEOs, with organosulfur compounds (E)-propenyl sec-butyl disulfide and (Z)-propenyl sec-butyl disulfide being the major components. Previously, sec-butyl disulfide derivatives of sulfur-containing compounds were found in essential oils and/or ole-gum resins obtained from various Ferula spp [14, 16, [43] [44] [45] . It should be noted that the sec-butyl feature of sulfur-containing compounds is considered to be the chemotaxonomic marker of the family Apiaceae [44] . All FEOs, with the exception of FEO Fr , also had reasonable levels of 10-epi-g-eudesmol (2.9-10.3%) and guaiol-type sesquiterpenes (up to 8.5%). Among Ferula spp., eudesmane-type sesquiterpenes have been reported in essential oils of F. communis L., F. assa-foetida L., and F. alliacea Boiss [14, 44, 46] .
Evaluation of the immunomodulatory properties of FEOs revealed that all oils stimulated [Ca 2+ ] i flux in human neutrophils and stimulated ROS production in human neutrophils and mouse phagocytes, regardless of the plant part or flowering stage used for essential oil extraction. Although various essential oils have been reported to modulate ROS production and Ca 2+ mobilization in neutrophils, including oils from another Ferula spp. [6, 7, 47, 48] , the current study is the first to report the phagocyte stimulatory effects of essential oils with a high content of organosulfur compounds.
Various TRP channels are functionally expressed in phagocytic cells, and a transient elevation in [Ca 2+ ] i through activation of these channels can regulate various aspects of inflammatory and immune responses [39] . In addition, we found that TRPV1 channels were activated by geranylacetone and inhibited by myristicin, which are present in essential oil from a different species of Ferula [6] . In an attempt to EC 50 values were determined by nonlinear regression analysis of the dose-response curves. Efficacy (in brackets) is expressed as % of the response induced by 5 nM fMLF. EC 50 and efficacy values are presented as the mean 6 SD of 3 independent experiments. No statistically significant differences were found between the Ca 2+ flux measurements. a-m Statistically significant differences between the data in each column are indicated by superscript letters (samples with the same letter indicate that significant differences were found; P , 0.05).
investigate the molecular mechanisms of the immunomodulatory effects of FEOs, we evaluated the effects of capsazepine, a TRPV1 antagonist, on neutrophil activation by FEO Fr and showed that the response was completely inhibited. In addition FEO Fr activated a transient increase in [Ca 2+ ] i in TRPV1 channel-transfected HEK293 cells, but not in nontransfected cells. Together, these data clearly demonstrate that similar to capsaicin the molecular target of FEOs is TRPV1 and that activation of TRPV1 leads to phagocyte activation. Although it may seem counterintuitive that neutrophil activation could contribute to anti-inflammatory activity, it should be noted that capsaicin is a well-known TRPV1 agonist with anti-inflammatory activity (reviewed in [49] ). For example, capsaicin can ameliorate experimental arthritis and it has become clear that this natural compound could also exert a protective effect against different forms of arthritis and pain-related processes in humans [49] . Thus, our finding that the molecular target for FEO is TRPV1 channels can explain in part the molecular mechanism of anti-inflammatory activity of traditional remedies prepared from this plant [24] .
Because the extracted essential oils represent mixtures and the primary components are very difficult to isolate and are not commercially available, it is difficult to identify the specific compound responsible for TRPV1 activation and thus phagocyte activation. However, it should be noted that the primary components in all of the extracts were (E/Z)-propenyl sec-butyl disulfides (e.g., these compounds represent 69.2% of the total FEO Fr composition). Thus, it is reasonable to hypothesize that (E/Z)-propenyl sec-butyl disulfides are the main bioactive components of these essential oils. Indeed, other organosulfur compounds have been shown to activate TRPA1 and TRPV1 channels [50, 51] . As essential oils extracted from various parts of the plant had different concentrations of (E)-and (Z)-propenyl sec-butyl disulfides, we used this feature to consider which might be the active compound and isomer based on a correlation of individual isomer concentration with ROS activating capacity. Comparison of EC 50 values for each FEO sample for stimulation of neutrophil ROS production ( Table 2) vs. the content of (E)-and (Z)-propenyl sec-butyl disulfide present in that sample (Table 1 ) demonstrated a relatively high linear correlation when comparing (Z)-propenyl sec-butyl disulfide content to ROS-activating capacity (r = 0.740; n = 7), whereas no correlation was found for (E)-propenyl sec-butyl disulfide (r = 20.06; n = 7). Similar results were obtained when plotting the EC 50 for ROS production by murine phagocytes vs. content of (Z)-and (E)-propenyl sec-butyl disulfides (r = 0.653 and 20.06, respectively) in each sample (data not shown). Thus, these data suggest that (Z)-propenyl sec-butyl disulfide is the main bioactive component in FEO, although further research with isolated individual isomers is needed to verify this conclusion.
Previously, we developed a pharmacophore model of the TRPV1 ligand binding site that was based on conformations of TRPV1 channel agonists, including capsaicin, N-geranyl cyclopropylcarboxamide, and compound 2k [6] . In the current study, we used molecular modeling with this pharmacophore model to consider whether (E/Z)-sec-butyl disulfides did indeed fit with the structural requirements of a TRPV1 ligand and which of the 4 possible isomers might have the best fit. Thus, we overlaid all 4 isomers of propenyl sec-butyl disulfides separately onto the TRPV1 channel pharmacophore model to determine their geometric and field similarities. Superimposition of the isomers onto the template showed a relatively higher quality of alignment in terms of geometric similarity (Sim) for (Z) compared to (E) isomers: (S)(Z)-propenyl sec-butyl disulfide (Sim = 0.637) . (R)(Z)-propenyl sec-butyl disulfide (Sim = 0.588) . (S)(E)-propenyl sec-butyl disulfide (Sim = 0.587) . (R)(E)-propenyl sec-butyl disulfide (Sim=0.561). As shown in Supplemental Fig. S2 , overlay of the (S) enantiomers [(S)(Z)-propenyl sec-butyl disulfide and (S)(E)-propenyl sec-butyl disulfide] on a pharmacophore model of the TRPV1 channel ligand binding site indicated that the (Z) configuration was preferred over the (E) configuration. Specifically, the -SCH 5 CHCH3 group of the (Z) isomer fit better into the corresponding region of the scaffold. This highquality fit was geometrically unattainable for the (E) isomer, which may result in steric repulsion by the TRPV1 channel ligand-binding site and, hence, less affinity to the receptor. Likewise, overlay of the (R) enantiomers showed that the (Z) configuration was preferred over the (E) configuration (not shown). Thus, these data, together with the correlation analysis above, suggest that (Z)-propenyl sec-butyl disulfide is likely the bioactive molecule responsible for modulation of phagocytic responses and TRPV1 channel activity. However, further studies with purified compounds are necessary to address this question.
Despite the evidence implicating (Z)-propenyl sec-butyl disulfide as the active component, we also cannot absolutely exclude a modulatory effect of other minor constituents of the essential oils. For example, FEO Fr also contains a-pinene, myrcene, limonene, (E/Z)-b-ocimene, and p-cymene. Note, however, that our previous analysis of all of these compounds showed that they were not able to stimulate human neutrophil Ca 2+ flux [6, 7] , indicating that they could not be contributors to the responses observed in the present study for FEOs. Although b-pinene can activate Ca 2+ flux in human neutrophils [7] , this monoterpene was only present in very small amounts (0.2%). Additional components of FEO Fr were not found even in trace amounts in essential oils from other parts of this plant (Table 1) ; thus, they probably can be excluded from the list of bioactive compound involved in the specific phagocytemodulatory effects measured.
Essential oil of Calycorectes sellowianus containing a high amount of guaiol (13.1%) has been reported to inhibit neutrophil chemotaxis [52] . Although there are no direct data on the immunomodulatory activity of 10-epi-g-eudesmol, molecular modeling by Yadav et al. [53] suggests a high binding affinity of this compound to major anti-inflammatory and immunomodulatory receptors [53] . It should be noted that ferutinin, a sesquiterpenic compound isolated from Ferula spp., has Ca 2+ ionophore properties [54] and can also induce Ca 2+ -dependent mitochondrial depolarization [55] . Another sesquiterpene, eudesmol, was recently reported as an activator of TRPA1 channels [56] . Thus, because the tested essential oils, with the exception of FEO Fr , contain eudesmane-type sesquiterpenes, we also cannot exclude roles of these sesquiterpenes in modulation of Ca 2+ flux in phagocytes by those essential oil extracts. Various disulfides and trisulfides derived from garlic and onion have been shown to modulate immune functions and inflammation [57, 58] . Other reports have demonstrated that some garlic-derived organosulfur compounds, including diallyl sulfide, diallyl disulfide, diallyl trisulfide, can induce Ca 2+ flux in several cell types, such as human glioblastoma cells, human colon cancer cells, and Madin-Darby canine kidney renal tubular cells [59] [60] [61] . Moreover, diallyl disulfide activated TRPA1 channels [50] . However, there are no reports on the immunomodulatory effects of (E/Z)-propenyl sec-butyl disulfides, as these compounds are probably unique in Ferula spp. In our study, we found that essential oils enriched in (E/Z)-propenyl sec-butyl disulfides were highly active, although we were not able isolate the individual isomers to conclusively determine whether one isomer configuration was more bioactive. Thus, further studies are needed to isolate the individual isomers and evaluate their immunomodulatory effects.
In conclusion, we found that FEOs contain a high amount of (E/Z)-propenyl sec-butyl disulfides and showed that these oils activated human neutrophils and murine phagocytic leukocytes, and that phagocyte activation by Ferula essential oils was inhibited by a TRPV1 antagonist. Moreover, the essential oil containing the highest amount of (E/Z)-propenyl sec-butyl disulfides activated TRPV1-tranfected cells, with subsequent desensitization after repetitive stimulation with the oil. Thus, our data provide a molecular basis to explain at least part of the beneficial therapeutic effects of F. iliensis extracts and suggest that stimulation of phagocytic leukocytes by organosulfur components from this plant may enhance resistance to infection. Studies are now in progress to determine precisely the active component and evaluate its potential as a therapeutic treatment for various disorders with immune and inflammatory mechanisms. 
